Introduction
Over 225 species of fungi [1, 2] have been observed in the indoor building environment, which represent a few of the estimated 1.5 million species of fungi believed to exist [3] . Of these, only a few are routinely found growing within residences and commercial properties. Fungal growth within a building is simply a symptom of an underlying water accumulation problem (Fig. 1) . These species are typically cellulolytic and use cellulosecontaining substrates such as paper products, cloth, ceiling tiles, and wood products as a source of nutrients for growth. Species found growing indoors are the same as those that grow outdoors on similar cellulolytic substrates.
Microorganisms that effectively grow in an optimal manner in environments that contain low levels of available nutrients are known as 'oligotrophs'. The ability of oligotrophic microorganisms to grow has important biotechnological, medical [4] and environmental implications. Some oligotrophic fungi initially colonize extremely wet areas such as baths, saunas, and humidifiers where there are high water activity values. Under such conditions, biofilms may develop, often consisting of black yeasts such as Aureobasidium , Exophiala, or Phaeococcomyces spp.
Water accumulation
The indoor accumulation of water is the critical predisposing factor for indoor fungal colonization and subsequent biodeterioration of building materials (Table 1) . Water is a solvent that is required by all fungi in order to grow. Water availability and subsequent absorption by osmosis into the hyphae is dependent upon solute gradients that the mould establishes across the cytoplasmic membrane located next to the cell wall surface. The cell wall is a permeable structure that allows small molecules to pass through it, but it does not control or regulate neither water movement inwards nor outwards from the fungus [5] .
The amount of water required for conidium, ascospore, or basidiospore germination and subsequent germ tube development, hyphal proliferation, and conidiation and sporulation vary depends upon the species [6] . The amount of environmental moisture necessary is measured as water activity (a w ), which is the ratio of the vapor pressure of the water in the substrate to that of pure water at the same temperature and pressure. Water activity varies depending upon temperature and relative humidity. Indoor substrates having an a w of less than 0.80 typically do not support fungal growth [7] .
Substrate moisture involves free water and is influenced by the relative humidity of the surrounding air. Relative humidity is an expression of the availability of moisture in the air, not in the substrate (i.e. water activity). The amount of moisture present has an effect upon aeration, solute movement, and diffusion of nutrients. Free water is adsorbed and held in spaces of the building material by capillary action. This does not include bound water that is a component of the chemistry of the substrate. If the amount of free water becomes too high, aeration may be hindered which can reduce the amount of mycelial growth, especially if the fungi are strongly aerobic. Fungi that grow indoors are aerobic. High moisture content having an inhibitory effect is related to the reduction in the amount of aeration (amount of oxygen) that occurs. Some species may not be affected adversely by such conditions. Thus, fungal growth can be prevented when wood is immersed in water or mud because anaerobic conditions may occur.
Dust represents an interesting substrate because it is usually thought of as a dry matrix that contains debris and an accumulation of microbes that has occurred over time. Dust can be very hygroscopic depending upon the amount of moisture present in the air. Dust consists not only of debris, but potentially large amounts of nutrients derived from dead microbes, insects, mites, arachnids, and food stuffs. At low relative humidity levels, viable conidia, ascospores, and basidiospores are frequently present in a state of dormancy. Introduction of sufficient moisture allows for the initiation of new growth.
Once a wet-to-moist area exists, an environment is established that can support fungal growth if macronutrient (carbon, hydrogen, oxygen, phosphorus, potassium, nitrogen, sulfur, magnesium, and calcium), minor nutrient (iron, copper, manganese, zinc, and molybdenum) elements, and appropriate temperature ranges are present. The presence of water in the environment is important because fungi secrete exoenzymes such as cellulases into the immediate aqueous environment that digest the macromolecular complexes composing the building material into soluble monomeric units. These low-molecular-weight compounds dissolved in water are then absorbed into the hyphae.
Cycles of low water availability and wet periods are common indoors, providing water in cyclic intervals. When moisture is reintroduced following a period of drying, some indoor fungi such as A. alternata can resume hyphal tip growth in 25 min or less. Other moulds such as Aureobasidium pullulans, Cladosporium cladosporioides and Epicoccum nigrum resume hyphal tip growth in 60 min or less. Slow drying favors retaining hyphal tip viability [8] .
Conidium, spore, and hyphal fragment deposition
Indoor atmospheric turbulence is extremely important for movement and deposition of viable fungal structures. Deposition of fungal propagules involves a combination of inertial impaction and gravity regulated sedimentation. Gravity exerts a downward force that deposits conidia, spores, and hyphal fragments onto horizontal surfaces. Fungi arrive on vertical surfaces by inertial impaction. When moving air containing fungal propagules encounters a solid object such as a wall, the air stream changes direction and accelerates. Owing to their finite inertia, fungal propagules tend to deviate from the air stream and impact onto the solid surface.
Once the fungus has arrived, the first step in the colonization of a wet area involves adhesion of the fungus to the wet substrate surface. Adhesion refers to the mutual binding of fungal surface and substrate surface molecules. The successful colonization of the substrate allows for the subsequent development of microcolonies. Adherence is a two step process. In the first step, hydrophobicity and electrostatic interactions allow the fungus to adhere to the surface. Such adhesion is nonspecific, reversible, and influenced by the size of the fungal propagule. The second stage is irreversible and specific. Hydrophobins and glycoproteins that function as glue are examples of secondary adherence mechanisms. Hydrophobins on the outer cell wall play an important role in the attachment process [9] . As vegetative growth occurs, the increase in cell mass makes the fungus more adherent and less likely to be dislodged.
Conidium and spore germination
Conidia (asexual), spores (asexual or sexual), and hyphal fragments are reproductive propagules that can establish growth at a new nutrient source. Each fungal propagule is an independent viable unit that has the potential to initiate a new colony. Once the conidium, spore, or hyphal fragment lands and becomes anchored on a substrate having sufficient moisture growth can begin. Because the nutrient reserve in a conidium or spore is limited, a germ tube is made immediately so that the fungus can begin to obtain needed nutrients. Germination can occur in less than an hour.
Germination is mediated by surface topography, hydrophobicity, and physical and chemical signals.
The conidium or spore swells by absorbing water, the nuclei undergo mitotic division, the cell becomes polarized, and a germ tube grows by linear elongation from the conidium or spore [10] . Moisture in the substrate rather than moisture in the air is important for the germination process [11] . High relative humidity (RH) is required for spore germination. A low RH can induce conidia or spores to go into dormancy. Conidia and spores tend to germinate only when the conditions are favorable for vegetative growth. During germination, a conidium of Aspergillus sp. will form a single germ tube, whereas a conidium of Alternaria sp. may form multiple germ tubes. They both serve as a single colony forming unit (cfu) even though they do not necessarily form the same number of germ tubes per conidium. Once a septum has formed the germ tube is considered a hypha.
Vegetative hyphal growth
Indoor substrates are environmentally and nutritionally heterogeneous in space and time. Thus, temperature, moisture, surface topography, hydrophobicity, physical and chemical signals, microorganisms (bacteria, fungi, viruses, protozoans), small animals (insects, mites), and nutrient distribution are patchy and not evenly distributed. Cellulose, a constitutive component of most building materials, is a polysaccharide composed of b D-glucopyranosyl units joined together by 1,4-glycosidic bonds. Endoglucanases [12 Á14 ] are a group of cellulases that primarily hydrolyzes less well-ordered regions of cellulose by cutting the internal glycosidic bonds [13] . These enzymes catalyze the hydrolysis of cellulose into smaller oligosaccharides and b-glucose that are then absorbed by the fungus. Aerobic actinomycetes such as Streptomyces spp. degrade cellulose in building materials as well as senescent fungal hyphae.
The vegetative growth form of moulds is hyphae. A hypha (pleural: hyphae, collective: mycelium) is a multicellular rigid walled tubular structure that contains all of the typical eukaryotic cellular components. Growth only occurs at the apex of the hypha where the old cell wall is degraded and new cell wall formed. This coordinated process allows the hypha to maintain its tubular shape and high internal hydrostatic pressure [15] . Many indoor fungi have rigid melanized cell walls that allow them to develop high turgor pressure that supports the high hydrostatic pressure exerted at the hyphal tip as the fungus grows within or into substrates of varying density [16] .
Melanin is a group of heterogeneous compounds that are macromolecules formed by the oxidative polymerization of phenolic or indolic compounds. They are hydrophobic, negatively charged, and occur on the outer cell wall where they are linked together to form a continuous layer. Melanin formed from the biosynthetic pathway intermediate 1,8-dihydroxynaphthalene (1, , is the most important melanin (DHNmelanin) formed by indoor fungi. DHN-melanin protects the fungus against UV light, maintains turgor pressure, modulates the immune system, serves as an antimicrobic agent, a virulence factor in plant and human disease, and protects against desiccation, enzymatic lysis, extremes in temperature, and oxidants [17 Á 19] . Carboxyl, phenolic, hydroxyl, and amine groups on the melanin surface are important for binding or bioabsorption of metals such as nickel, copper, zinc, cadmium, and lead [20] . The biosorption of metals to melanin protects the fungus from toxic environments; antagonistic, toxic or interference with hydrolytic enzymes of microbes in the same ecological niche; and reduces the availability of essential elements required by other competing microorganisms [20] .
As the hyphae grow and branch at the colony periphery, they colonize the proximal area. Surface topography has a major effect upon the rate of radial growth, individual hyphal growth, and the direction of the hyphal apical growth [21] . The hyphae grow and secrete enzymes at their apices into the substrate to obtain nutrients. Growth is facilitated by the hyphae being able to translocate water and nutrients from one portion of the colony to another [22] . The vulnerability of wood to fungal attack decreases as the moisture content of the wood becomes lower than the level of free water in the wood cells, which is about 25Á30% moisture content. At approximately 20% or less moisture content, fungi do not attack wood. Serpula lacrymans is an exception because it can translocate water from moist areas via its mycelium.
This allows the hyphae to explore a substrate for nutrients, grow in low nutrient containing environments at a distance from its initial growing point, and more effectively utilize local nutrients by using metabolically driven translocation. The ability to translocate water and other nutrients explain why it is necessary to remove susceptible building material a short distance from visible fungal growth or damage. Once ample vegetative growth has developed the fungus then forms aerial hyphae.
Aerial hyphae raise fungal reproductive structures bearing conidia above the substrate so that air currents can more readily disperse them. In addition, aerial hyphae insulate the vegetative hyphae from water loss [23] . In order for aerial hyphae to grow into the air when they are growing in a wet environment, the fungi such as Alternaria spp. form soluble protein monomers called hydrophobins that self-assemble to form a permanent amphipathic film on the outer cell wall. This protein sheath reduces the water surface tension, which allows the hyphae to escape the aqueous phase at the surface of the substrate and then grow into the air [24 Á26] . Repellents [27] may also be important in this process. Repellents are small amphipathic oligopeptides which may aggregate in response to interfaces, aligning their hydrophobic sides towards the external environment.
Propagule liberation and dispersal
The surface of a fungal colony is surrounded by a thin laminar boundary layer. Above this layer, non-turbulent moving air that is regulated by temperature occurs.
For conidia, spores, and hyphal fragments to become airborne, they must cross this layer. Conditions at the micro-niche level are important because they can be significantly different from those occurring in larger areas such as rooms.
Conidia, spores, and hyphal fragments rise from the colony surface by momentum associated with turbulence, temperature, air velocity, and zones of convection. Hyphal fragments are common in indoor air [28] . Obviously, unless hyphal fragments contain intact viable cells, they can not serve as a dispersal mechanism that will result in colonization of a new substrate. Indoors, localized patterns at the micro-niche of air turbulence, humidity, temperature, buoyancy and gas composition, ventilation, convection and buoyancy are extremely important for propagule liberation and dispersal [29] . Owing to the entry of outdoor air, HVAC systems, resident activities, the environmental conditions are variable both in time and location.
Dispersal of fungal propagules depends upon their size, shape, roughness, density, electrostatic charge, air movement (turbulence, layering, convection, outdoorindoor air mixing), and activities that influence air circulation. Aerodynamics, wind speed and turbulence will influence conidium travel distance, height of flight, and sedimentation rate [29, 30] . Sedimentation at terminal velocity under gravity is more important indoors than outdoors because the air is more still, or it circulates at low speeds.
Different types of conidia and spores do not equally remain in air. Their deposition is influenced by their terminal velocity and aerodynamic characteristics. Large conidia and spores settle faster than smaller ones. This can be mathematically expressed as the difference of the square of their radius [29] . Maturity of the colony, changes in temperature, relativity humidity, photoperiods, nutritional composition of the substrate and the specific fungal species present will determine the frequency and number of conidia and spores that are produced and subsequently dispersed. Liberation mechanisms and required environment factors will regulate the number of conidia and spores that will be transported into the air at any given time.
Aerodynamic size is important, not just the size of individual conidium, spore, or hyphal fragment. The shape and density of chains or clumps of conidia are different than the shape and density of solitary conidia used for standarized descriptions (Table 2) . Smaller conidia like those of Aspergillus, Cladosporium, and Penicillium spp. occur frequently in short chains or clumps. Karlsson & Malmberg [31] determined that an average of three conidia formed a distinct particle in their study of agricultural dust containing fungi and aerobic actinomycetes. The number of fungal fragments, which maybe over 320 times greater than the number of conidia or spores in air, does not correlate with the number of conidia or spores present on a substrate [32] . Unfortunately, the significance of airborne fungal fragments is typically dismissed as being not important during indoor mould investigations.
Experimentally, when S. chartarum conidia and hyphae from a dry colony were aerosolized by acoustic vibration, groups of particles that were less than 15 mm in diameter (median diameter of 5 mm) were formed. The results from this study are biased because the location of the exit was high in the generator containing the slow moving air-stream, resulting in larger particles settling out prior to passing through the exit [33] . Owing to the large size and weight of the conidial masses, they tend to rapidly settle from the air and do not travel long distances. When the conidial balls have dried and the conidia begin to separate from one another, air currents can distribute them greater distances. A similar situation occurs with Chaetomium spp. because they form a ribbon like mass of ascospores that are expelled through the ostiole of the perithecium. The number of spores and their dispersal efficiency will have a major impact upon what is detected in air samples. For example, air spore counts for S. chartarum and C. globosum are low when collected near growth that is wet, whereas the number of spores obtained when the growth is dry is substantially greater.
Aerial dispersal
Nigrospora sphaerica forms 1-celled solitary melanized conidia on ampliform cells. This occurs more actively as the environmental conditions become drier. As hydrostatic turgor pressure increases in the ampliform cells below the conidia, liquid under pressure is released through a small pore at the apex of the ampliform cell. This ejects the conidium into the air vertically approximately 2Á6.7 cm above the aerial hyphae, after which they can be easily dispersed by air currents. The conidia have a mucilaginous substance that allows them to immediately adhere to surfaces they impact upon [34] .
Species of Aspergillus, Cladosporium and Penicillium form conidia in long dry chains that are raised above the aerial mycelium. The conidia are readily detached from one another by air currents. Davis [35] showed that water droplets in the air are important for their air dispersal. When he passed a stream of air traveling at 0.7 m/sec across the conidial canopy of a colony of Cladosporium sp., 250 cfu/min were detached. When water droplets having a modal diameter of 78 mm were in the air stream at the same velocity, 6.7 )/10 4 cfu/min were detached. In other experiments, he observed [36] that conidia of Aspergillus, Cladosporium and Penicillium spp. collided with water droplets and adhered to the droplet surface. The hydrophobin HCF1 of C. fulvum , a plant pathogen, facilitates conidial dissemination on the surface of water droplets at the water-air interface. For fungi such as Acremonium , Aureobasidium and Fusarium spp. that form conidia in wet balls; the conidia do not adhere to water droplet surfaces. Instead, the conidia become incorporated within the water droplets. The location of conidia either within or on the surface of water droplets has different dispersal efficiencies when they impact onto a surface.
Even though A. alternata forms acropetal branching chains of muriform conidia from sympodial prolife- rating conidiophores and S. chartarum forms phialoconidia that accumulate as a ball above the cluster of phialides, conidial separation in both fungi begins with a twisting of their conidiophores, generating a mechanical force. This allows the conidia to break free from each other [37, 38] . As the amount of moisture decreases at the growth site, the walls of the conidiophores begin to cave-in and gas bubbles form within the collapsing structure. A change in the cell solute and gas phase results in a sudden release of tension causing the conidiophore to rapidly twist. The conidia are liberated by the same process eloquently described by Pinckard [39] for Pernospora tabacina. Large conidia such as those of A. alternata tend to occur solitarily in air samples, whereas S. chartarum conidia frequently occur in groups. Epicoccum nigrum forms a sporodochium, which is a cushion-like hyphal structure that bears a covering of conidia on its surface. Because sporodochia are large structures, their conidial bearing surface is raised above the upper boundaries of the aerial mycelium. As the sporodochium dries, conidia are picked up by air currents as solitary conidia, groups of conidia, or as a combination of both. Webster [40] observed the separation of conidia from their conidiogenous cells occurs by division through a double septum. As the separation occurred through the septum, the hilum of the conidium and the apical area of the conidiogenous cell became rounded. This results in a mechanical force that assists the release of the conidium. Thus, the conidium becomes airborne.
Only a few basidiomycetes are important indoor fungi. The most destructive of which is Serpula lacrymans. Serpula lacrymans causes a dry rot of timbers and other wood within residences. The fungus is important in homes located in Europe [41] and is destructive in the northern US and Canada where timbers and wood paneling are commonly used. When S. lacrymans develops its resupinate basidiocarps, floors and other surfaces can become covered by thin deposits of reddish brown basidiospores. The basidiospores develop solitarily on sterigmata; once they are mature, they are forcibly discharged by a basal water drop mechanism. Upon discharge, air currents transport the basidiospores to other locations.
Non-aerial dispersal
Aerial conidia, especially those having mucilaginous surface, provide easier attachment to arthropod integuments. Conidia with mucilaginous surfaces more easily adhere to the arthropod exoskeleton. This adhesion to arthropod cuticles probably involves hydrophobins [42] , or even glycoproteins. Mites belonging to at least four families (Acaridae, Glycyphagidae, Pyroglyphidae and Tarsonemidae) have been associated with mould growth following water intrusion in buildings. Mould growth on a substrate supports an increase in some mite species as a food source in comparison to similar substrates without mould colonization. This is common for fungal mites classified in the family Tarsonemidae. Interestingly, the common dust mite Dermatophagoides farinae is not associated with mould colonization of indoor substrates. Trophical dispersal involving ingestion of conidia and then subsequently being deposited as a component of the arthropod's feces is common. Conidia on the exoskeleton and in feces could enhance the allergic response in some individuals owing to the fact they are being exposed concurrently to both conidia and mite digestive enzymes in the feces. Brasier [43] has suggested that mechanical injury to mycelium by predatory mites results in an adaptive response by the fungus in the form of increased sporulation.
Fungal interactions
Biodiversity comprises three interrelated aspects: taxonomic diversity that is used in part to measure biodiversity, functional diversity, and genetic diversity. Niche overlap involving different species is a dynamic situation owing to nutrient resources, competitive factors, and the fungal species present [44, 45] . Fungi do not usually grow as pure cultures, but are mixtures of moulds and bacteria. Species interactions vary from dominance to antagonistic at any given point in time as the micro-niche evolves. When a second species of fungus arrives at a growth site, four potential interactions may occur. If the two species integrate, they can grow in harmony with each other. For example, S. chartarum and C. globosum are frequently observed growing together in harmony. Competition occurs if two species having similar resource requirements fail to integrate with each other. Limited nutrients would invariably foster competition. The two species may become extinct, the two species may become self-restricted with each having its own demarcated grow zone, or one species will over grow the other [46] . Reactive molecules such as hydrogen peroxide, mycotoxins (A. alternata ), or antibiotics such as penicillin (P. chrysogenum ) [47] and griseofulvin (Memnoniella echinata) [48] are important competitive molecules that are produced to regulate competition by other microorganisms. These factors as well as the composition and concentration of fungal propagules that were in the air, dispersal mechanisms, deposition rates, and primary adherence methods have a profound effect in regulating fungal assemblages.
Fungal volatile organic compounds (FVOCs) are low molecular weight alcohols, aldehydes, and ketones that are produced by either primary or secondary metabolic pathways employing aerobic or anaerobic metabolism [49, 50] . FVOCs serve a number of important beneficial fungal functions. They can impact either adjacent microbe by aqueous diffusion, atmospheric diffusion, or a combination of these. These compounds are important biosignaling molecules that can regulate other microbes in the same ecologic niche [51] . Trichoderma aureoviride and T. viride produce VOCs that are antagonistic to S. lacrymans mycelial growth and protein synthesis [52] . VOCs such as heptanal, octanal, and 2-methyl-1-butanol have been shown to inhibit fungal growth [53] . Typical protein synthesis resumes when the VOCs are no longer present. VOCs produced by Ceratocystis fagacearum attract insects which enhances the dissemination of the fungus. They inhibit Colletotrichum graminicola conidium self-germination as a means to regulate its own growth. VOCs formed by Trichoderma induced sexual reproduction in the oomycete Phythophthora gonapodyides. They can attract wood decay fungi to non-treated wood. Trichoderma volatiles can be fungistatic and fungicidal upon other fungi; and to distinguish mycotoxin producing strains of Fusarium moniliforme, F. prolificans [54] and P. roqueforti [55] .
Mackie & Wheatley [56] reported that the bacteria that they tested against several fungi could either be antagonistic or stimulate growth. VOCs from bacteria such as Alcaligenes, Pseudomonas, Serratia, and Stenotrophomonas spp. have been shown to suppress Verticillium dahliae growth [51] . FVOCs are species specific, which allows them to be used for identifying the fungus that produced them. In addition, they have been used to quantitate the amount of fungal growth present [57] . Many of these compounds are indicators of food spoilage [58] . They have been reported to cause human health problems such as lethargy, headache, irritation of the eye, and the nose and throat mucous membranes [59] . The significance of FVOCs within the indoor environment and human health is not well understood.
Stachybotrys elegans, a mycoparasite, makes chitinases, which are also important in normal cell division and differentiation that damage the cell wall of its fungal host Rhizoctonia solani [60] . Another mycoparasite that can grow indoors is T. harzianum. Ech-42 (42-kDa extracellular endochitinase-encoding gene) expression by T. harzianum is regulated by binding of Cre1 (carbon catabolite repressor) to two separate sites. The T. harzianum protein-protein complex binds to the ech-42 promoter in the vicinity of the Cre1 binding sites. Cell wall turnover is a major target of mycoparasitic antagonism [61] . Antagonism can be enhanced by the action of bacterial metabolites. 1,3-b-glucosidase (78 kDa) and endochitinase(42 kDa) produced by T. virens act synergistically to increase the efficacy of Pseudomonas syringae membrane-disrupting lipodepsipeptides [62] , syringotoxins and syringomycins. Syringotoxins are considered responsible for the antimicrobial activity to fungi such as A. alternata and P. chrysogenum [63] .
In conclusion, the events that occur indoors leading to biodeterioration of indoor susceptible substrates, or biofilm formation under some conditions, are complex. The indoor ecologic niche is complex with many different types of interactions between the fungi growing on susceptible substrates to their interactions with other fungi, bacteria, insects, and arachnids. Understanding fungal development permits us to more accurately access potential indoor health problems [4] .
